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The big story - discovery of Higgs boson
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Mass without mass?

d Higgs mechanism - often credited with mass generation:

But, generates too little to be relevant to the mass of our visible world!

D QCD and Mass Of had rons: 2000 :IBudapestérseille»Wuppe;lal collaboration
: —-0
< Hadron mass: 1500 - =
Lattice QCD calculation = ; e (ERA
=, 10007 et | N
< Mystery - mass scale? = " e
500 - - K — e>.<pen'ment
Other than quark mass, : 5 fngacit
QCD has no mass parameter! ol = s Qcp
! | ! | ! |
How QCD generates 0.4] e g mass s _
hadron mass? 7 ]
: 0.3 — m= iral lima )
< “Quark” Mass function: = —mosomey
o — m=70 MeV .
F =
Se(p) — — T @ 5.
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No-linear gluon-self interaction! °1
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Challenges to QCD and hadron physics

d Emergence of hadrons from quarks and gluons:

Hadron properties QCD
Charge, %uallrks Gluons
Mass, ofor, Color,
. = Flavor, + :
Spin, Spin,
: Charge,
Magnetic moment,
Mass,
Spin,

] Questions:

<> Hadron’s partonic structure — parton space-time distributions?

< Parton’s confined motion inside a hadron?

< Hadron property in terms of dynamics of quarks and gluons?
< Formation of hadrons out of produced partons?

< Nuclear properties if we only see quarks and gluons?

< ...
We need sharp probes to “see” quarks and gluons!



We believe QCD - experimental tests

J From DIS to Drell-Yan:
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 DIS:

 Drell-Yan:

m Lorenz
transformation

— >

Natural event structure:

The clean colorless probes

q,u — (07 6J_7 _Q)

q2—_Q2
Q=

p“—(;, J_aE)

pr= (2.5, -2

< Scattered quark moving backwards — 1D! B
{ Preserve parton’s transverse momentum! 0, — k,

5 m Lorenz
g >0 transformation
P? ~ 0F >
P/2 ~ O

Natural event structure:

<> 1D - annihilation!

q'u:<Q70J_70>

¢ =Q*>0
Q2 Q

p“—(;, J_aE)
I Q ~ Q

p'UJ_(Ea J_v_E)

< Vector sum of partons’ transverse momenta!
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QCD at a sub-femtometer scale

CD factorization:

< PQCD cannot calculate any cross sections with identified hadron(s)!

< Hard scattering is localized in space-time to 1/Q

Dynamics at hadronic scale is effectively frozen

< Quantum interference between two scales is suppressed by (7>

e(l') AN e(l' 2
> &
e(l) e(l) Tp
Cross section femtometer probe
d Parton distribution: ¢,/ (z, 1*)

¢

R

Not unique, Not physical, ...

=\= hadron wave function squared!

“measurable” — dilute approximation

Integrate over all parton’s k; (avg. over by)

Process independent - predictive power!

Parton in a hadron
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F:"-.\ogw(x)

1D - Parton distribution functions from HERA
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<> Scaling violation of F2(x,Q2)
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New regime of QCD matter

4 Proliferation of soft gluons: <> Radiation:
- N H1 and ZEUS ERA I+IT Combined PDF Fit > p P k
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Proton spin and proton structure?

O Complexity of a proton state in QCD:

S() = SUPSITF(n)IP.S) = 5 = Jy() + Jg() = 55n) + Lyu) + Ty (w)

t C®
' s
d Over 20 years effort:
< Quark (valence + sea) helicity: ~ 30% of proton spin
< Gluon helicity (RHIC data): Not zero, but, small
‘ How to explore the gluon and sea quark contribution?
d Tomographic images: I
< Spatial images? XP/‘\E - < Momentum images?
GPDs oA - TMDs
z < ~—x

Confined distribution? o Confined motion?



Initial condition of heavy ion collisions?

4 Gluon density fluctuation:

dN N T
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Independent tests of initial condition?



Nucleus — a QCD “molecule”

d The nucleus:
Binding energy/nucleon ~ 8 MeV << Q < a few GeV

d Surprise —- EMC discovery:

Fermi motion

T Ene b4
| *NMC
S I € % /<
1 * E665 P ;ii [
17 1-§ [ ] =
I s NN A
0.9] | |\ &
: 7N

!
2 . e I \original
pflowing 1 _ 1| EMC finding

0_7-' — —— T
Kﬂ)m 0.01 | ; 0.1 | 1
sea quark = X valence quark

E% EP

< What is the nuclear landscape of see quarks and gluons?

Lump around the “nucleons”? QED: molecule/crystal
Quantum fluctuations?

< How does nuclear matter respond to a fast moving color charge?

Hadronization, nuclear matter as a filter? color tomography?



The question

How to meet these challenges and to answer these questions
in QCD?

Critical to the nature of visible matter
Next frontiers of QCD and strong interaction!

Experimental tools

An Electron-lon Collider (EIC)

Theoretical tools

Hard probes — Perturbative QCD and factorization
New effective d.o.f. — effective theory approaches
such as CGC and etc.



The US EIC proposals

 Two possible options:
ELIC (Jlab)

SRF
prebooster

p

N4
.0

MEIC
collider
ring

.
= ELIC
collider
ring

-
.'.’ e

4 10 30 GeV e" x 325 GeVp - 130 GeV/u Au

Linac Sources

eRHIC (BNL)

e-RHIC is a triple IP collider

/ — —
Polarizede-gun g
eRHIC defec?or'\
Beam-dump

w6 pass 2.5 GeV ERL

< First (might be the only) polarized electron-proton collider in the world

< First electron-nucleus (various species) collider in the world

Staged realization:
Using existing facility

Stage I: Vs ~ 60-100 GeV
Stage Il: Vs > 100 GeV
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US EIC: Kinematics and properties

TTrT | T T T T T TT II
Current polarized DIS data:
o CERN ADESY o JLab o0SLAC

Current polarized BNL-RHIC pp data:
® PHENIXT® ASTAR 1-jet

For e-A collisions at the EIC:

v Wide range in nuclei

Q% (GeV?)

v' Luminosity per nucleon same as e-p

v Variable center of mass energy

For e-N collisions at the EIC:
v Polarized beams: e, p, d, 3He, ...

v Luminosity L., ~ 10%-%¢ cm~sec"’

100-1000 times HERA

v Variable center of mass energy

T L | LR | L LR |
108 = Measurements with A = 56 (Fe):

e eA/pA DIS (E-139, E-665, EMC, NMC)

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

o DY (E772, E866)
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What and why EIC can do and do better?

d High energy collider: o ap

Sharper probe and better “snapshot” in probing ﬁgﬂ
the confined motion of quarks and gluons -
— 3D momentum distributions

d High luminosity: @, il b, T /%1y

Diffractive scattering - CT scan the proton/nucleus ;/gl

— 1+2D spatial imaging

1 Polarization: - as a function of t

o(s) —o(—s)
o(s)+o(—s)

Suppress probability — enhance quantum interference



What and why EIC can do and do better?

d High energy collider: o ap

Sharper probe and better “snapshot” in probing ‘é@‘
the confined motion of quarks and gluons -
— 3D momentum distributions

d High luminosity:

Diffractive scattering - CAT scan the proton/nucleus
— 1+2D spatial imaging

 Polarization:

o(s) — o(=s) Suppress probability — enhance quantum interference
o(s)+ o(—s)

d Nucleus, a QCD Laboratory:

< More soft gluons — Lab for exploring non-linear gluon dynamics

< Condensed color matter — Lab for QCD tomography

< Nuclear landscape - color confinement and quantum fluctuation

How a nucleus look if we only see quarks and gluons?



What an EIC can do?

Golden measurements
at
an Electron-lon Collider

See also talks by
F. Yuan, Z. Xu, A. Deshpande
J.-P. Blaziot, K. ltakura
and others in connection to EIC



The spin and flavor structure of the nucleon

 Proton — composite particle of quarks and gluons:
Spin = intrinsic (parton spin) + motion (orbital angular momentum)

 The EIC - the decisive measurement (two months running):

L T T L T O T T T ] 1 T T T T | T T T T T
0.04 XAU L xAd J 0.04 -
: all uncertainties for Ax?= 9 :E : B Q2 = 10 GeV2
0.02_— al - 0.02 B
" B current 1
0 [ 0 0'5 - data —
-0.02[ EEEE DSSV loo2z B  [FTmmee———ARERmE
- EEEN DSSV and I ] —_ -
oodf  ESTEyimany looe G|
C | M| " n \></ (N —
T T 0.3 o B
0.04F XAS AF < ~
] 0.2 Fg‘é .
o5l W DSSV+
>4
°F ] 0 BN EIC o5 i
-0.02| ] EIC 20x250 |
E E: 7 -0.1 u all uncertainties for Ax’=9 _|
'0-04__ Q2= 10 GeV2 __E E _1 | I T T T R P P
el ol ol el el el 0.2 0.3 0.35 0.4 0.45
10 10 1 10 10 1 1
X X [As(x,Q%) dx
. o N . 0.001
No other machine in the world can achieve this! EIC White Paper

 The proton spin:
Adding the A g, is there still a deficit to the proton spin?

If yes, we will have to investigate the orbital motion of quarks and gluons
— the motion transverse to the proton’s momentum



1+2D confined motion in a nucleon

1 Motion at the confining scale (<< Q) - partonic structure:

< Transverse momentum dependent
parton distributions (TMDs)

< Two scale observables: Q >> p; ~1/fm

< Role of hadron and parton spin?

O Quantum correlation between hadron spin and parton motion:
Sp

K

1.9 Dijet, photon-jet not exactly back to back
Sivers effect — Sivers function

Hadron spin influences

Photons have asymmetry ; .
Jet vs. Photon sign flip predicted \ parton’s transverse motion



1+2D confined motion in a nucleon

1 Motion at the confining scale (<< Q) - partonic structure:

< Transverse momentum dependent
parton distributions (TMDs)

< Two scale observables: Q >> p; ~1/fm

< Role of hadron and parton spin?

O Quantum correlation between hadron spin and parton motion:

Transversity
No asymmetry for the jet axis Collins effect — Collins function

Parton’s transverse spin

N w
S, thn influence its hadronization

O Single-spin asymmetry: _Ac(¢,8) ot 8) —o(l,—35)
gle-spin asy Vi A= = e

Enhance the role of transverse motion — confined motion!

Only EIC can do this cleanly. Limitation on proton-proton machine



EIC is ideal for probing TMDs

4 SIDIS - two scales and two scattering plans:

HADRON PRODUCTION PIANE
/ ____h

/' Sy Two scattering plans:
leptonic, and hadronic

Two scales:
Q >>p; (as well as Q ~ p;)

—

LEPTON SCATTERING PLANE

d Angular modulations:

Natural separation of Collins effect from Sivers effect

A ) Iy _ 1 NT _NJ/ Colli . 1
UT(%9¢S) = ENT Y AU; ™ <Sm(¢h +¢S)>UT oC h1 @[—[1
S Sin(g, + 4y) + A sin(g, —g) —> AD  (sin(g, ~ ), L @D,

+A§;etzelosity Sin(3¢h _¢S) A(]j’;etzelosily o <Sin(3¢h _¢S)>UT o h«IJ]: ®H1J.




d

d

What EIC can do to Sivers function?

Unpolarized quark inside a transversely polarized proton:
04 B 04 Z
Up quark -p (Gev?) -o (Gev?)
< 7.2 < 3.6
02 = < 6.4 02 = < 3.2
> B < 5-6 S B < 2.8
g 00 . B <4.8| & 00 Ll < 2.4
s ] < 4. e 1] < 2.
= < 3.2 = < 1.6
-02 E < 2.4 -02 E < 1.2
< 1.6 < 0.8
ou % < L8 ot Down quark %l < 0.8
04 -02 00 02 04 04 -02 00 02 04
k. (GeV) k. (GeV)
Color confined radius at different x? EIC White Paper
Role of momentum fraction - x:
£ = o
;jl.': By -

2 0 uncertainty

Vs =45 GeV
10 fb !

10™



Transition from low p+ to high p+

J TMD factorization to collinear factorization:
A AN(Q27PT)

Two factorization are
pr < Q pr ~ Q consistent in the overlap
region where

NQS

pT) Aqep < pr < @

TMD Collinear Factorization

d Quantum interference — high p; region (integrate over all k;):

Single quark state quark-gluon composite state

% interfere with
(Spin flip)

=== Non-probabilistic quark-gluon quantum correlation

) (
/. \
T® (z, ) o YC\% /3‘ Expectation of color Lorentz force
See J.P. Ma’s talk




1+2D spatial imaging of color?

4 The “big” question:
How color is distributed inside a hadron? (clue for color confinement?)
d Electric charge distribution: Vg
P '
Elastic electric form factor =) Charge distributions !
0.1
0.3 ] ; 0 F = -
g 10O g -0.1
H, 1 proton Ho_0.2
a 0.5 q -0.3 neutron
C ) | T 5;—0-4 ‘ o
0 0.511.5 2 0 0.5 1 1.5 2
b[fm] bl fm] G.A. Miller (2007)
[ But, NO color elastic nucleon form factor! Y

Hadron is colorless and gluon carries color



1+2D spatial parton density

d Partonic structure — spatial distributions of quarks and gluons:

O I/Q d H ‘:
p T ) < Need a localized probe q;:
& : A . . . : '
R < Scan in transverse direction _p)_O\)P\
/—’ e > .
> @Y < Partonic structure Exchange of colorless

object
 Need exclusive processes — diffractive scattering

q q q
i—& +—”>—§i§; - —”»—&+

But, every parton can participate — need a “localized” probe!
EIC at high energy can provide large Q, phase-space for t = (p’-p)? !

No factorization for hadron-hadron diffractive scattering !

 Deep virtual Compton Scattering (DVCS): do
Y 24 ’)*“’\/\4/\7/ _ dZUBdQ2dt
:r«:Hg r+£/f %\\I—ﬁ A=p'—p
p o b — t = (p) — p)?



Generalized parton distributions (GPDs)

1 Quark “form factor”:

¢ (1 )\ —ir i A voon / >
Fy(a, & t, 1i°) = / 5.€ A@L'q()‘/‘z) 5P -1 Ve(—=A/2)|P)
= H,(x,&,t, 1°) U(P ) U(P)] s);ﬂ P P’
- 2P - n

N o [, iot” (P — P), "y
T By &t ) _M(P) 5N M(P)] 5P

with ¢=(P' -~ P)-n/2 and t= (P — P)*> = —A% if £ -0

Hy(%,6,t,Q), Eq(z,6t,Q) Different quark spin projection
d Total quark’s orbital contribution to proton’s spin: v PRL78, 1997

1 |
Ty = 5 lim [ doa [Hy(z,6.0) + By@,é,0)

1

d Connection to normal quark distribution:

H,(x.0,0, 1%) = q(x. pi*) The limitwhen ¢ — 0



1+2D spatial imaging of parton density

1 2D Fourier transformation:

- 1 [ -
e P1.Q%) = 2= [ dltl JoC VI f (. € = 0.1.Q%)
A e+p-—-e+p+JiPp
15.8 < Q% + M3, < 25.1 GeV2

g 405 T EE Images of gluons

2 . . e from exclusive

gl - | e EE JIPsi production

T i) - Only

R atan EIC
or () = EIC White Paper
d Quark GPDs and its orbital contribution to proton’s spin:
1 1
qui%g% dﬂ?iU[Hq(fC,f,t)—l—Eq(x,f,tﬂ :EAQ_'_Lq

The first meaningful constraint on quark orbital contribution to proton spin
by combining the sea from the EIC and valence region from JLab 12

Should this be consistent with Lattice QCD?



Lattice calculation on parton orbital motion

J Moments of GPDs on lattice:

Negele et al

<J3> = Si/da: [H,(x,0,0) 4+ E,(2,0,0)] «

d Ji’s relation:
Lz =J: — 5Aq
d Both L, and L large:

But, L,+L,~0
d Spin from the gluon?

EIC is an ideal place
to measure gluon GPDs
From QCD evolution and

diffractive J/y

contributions to nucleon spin

o
>

O
no

o

O
no

e — L L | — ]
AXY/2
® |d
§ & @ g .
: 4 . A A
Ay - A ® ¢
A PLELS
:’ Azd/z Lu
0.2 0.4 0.6
m 2 GeV?



Nucleus, a Laboratory for QCD

J The nucleus:

Binding energy/nucleon ~ 8 MeV << Q < a few GeV

q Nuclear landscape = superposition of nucleon landscape
d EMC effect:

Nuclear landscape =\= superposition of nucleon landscape

4 “Snapshot” does not have a “sharp” depth at small xg

Y

Boost

1 1 1
Probe size: transverse - 0 < 1 fm, longitudinal size - . ~ 0 < 1 fm
Longitudinal size > Lorentz contracted nucleon: 1 < o™
Lp p

1
<zx.,=——n~0.1
v MR



d Many more soft gluons in nucleus
at the same impact parameter:

Q? (GeV?)

103

102

Reaching the saturation with eA

EIC White Paper

Q3(eA) o Q3(ep) AY? =

10

- linesaty =1

EIC (eAu)
— c¢RHIC (30+130) GeV
eRHIC (10+100) GeV
eRHIC (5+50) GeV
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77
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Saturation/CGC: What to measure?

4 Inclusive events — structure functions, F, and F, :

<> High energy — smaller x, and larger range of Q?
<> Search for deviation from DGLAP and BFKL

oaier o< [g(z, Q7))

At HERA: ep observed 10-15%/total

 Diffractive cross section:

If CGC/Saturation — multiple coherent gluons
——3 Diffraction eA expect ~25-30%/total

d Diffractive vector meson production:
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Cross section ratio for eAl/ep: J/¥ and ¢
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Very different behaviors predicted for
—> JI¥ and ¢ (different transverse size)
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Diffractive over total cross section

d Hard scattering with a rapidity gap: 3

[ Q%2=5GeV? fLdt =10 fb™1/A |
- x=3.3x1073 ]
| eAu stage-| i

saturation model
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non-saturation model (LTS)

Ratio of diffractive-to-total cross-

< Color singlet exchange,
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strong non-linear effect

<~ Factorization works in D|S, notin PP, pA’ AA i stat. errors & syst. uncertainties enlarged (x 10) ]
O | | | | | | I I | | |
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The factor of 2 enhancement is only for eA
(no equivalent in pA!)

This is a clean and unambiguous signal of saturation physics
already at EIC stage-1



Special imaging of the nucleus

d Diffractive vector mesion (¢, J/y, ..) production:
EIC White Paper
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= as a function of t
1 ®-production - clean probe for spatial distributions:
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Di-hadron angular distributions at an EIC

Dominguez, Xiao, Yuan (2010)
1 Strong suppression of dihadron

correlation in eA:

0.18 |-

- S Q2=1GeV? | EIC stage-ll plio%er > 2 Gevie
L e ,’ \ | .
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hadrons from jets (dihadrons) : 2 25 3 35 4 45
beam view

< Never be measured!
< Directly probe Weizsacker-Williams (saturated) gluon distribution
in a large nucleus - not the normal dilute gluon distribution!

< A factor of 2 suppression of away-side hadron-correlation!
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Nuclear parton distributions

d The EICs are ideal for exploring the transition region:

Cross section: 0.0001 <x<0.1, 1 GeV2 <Q? ——> DIS structure functions
A 1.2

saturation Q5(Y)  OEMC 4 E136
region 11 | NMC ¢ E665
c GZO")\\(Q 1 -
RS EIC stage II T
x |8 BK/JIMWLK o« 09 ]
s |2 & ol r
>||_ g n 0.8
g } BFKL 07
; M, 06 | I S
(i i
Agco In Q2 0.0001 0.001 0.01 0.1 1
as ~ 1 as <1 X EIC White Paper
<~ Saturation of the ratio for x > 0.001 =\= saturation of nuclear structure function
, : : g LV* Y*
< Color confinement length in nuclei? N\

Nucleon size — top of the shade area? p
Nuclear size — bottom of the shade area? —i“—C
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Hadronization — energy loss

d Unprecedented v range at EIC:

Q2

%%ﬁ”ﬁ YT oma
semi-inclusive
>A~w-:§§;:;.v

DIS
< Small v - in medium hadronization:
- dynamics of confinement
- stages of hadronization and
their time scales

< Large v - parton multiple scattering:

- Parton propagation in medium
- Energy loss and broadenning, ¢
- Direct access to fragmentation
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Wang

0.01<y<0.85 x>0.1,10 "
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Hadronization — energy loss

d Unprecedented v range at EIC:
Q2

V e —
semi-inclusive

>W,.. §§ DIS

4 First time access to heavy quarks

- Mass dependance of fragmentation
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Wang

0.01<y<0.85 x>0.1,10 "
Higher energy : 25 GeV< Q<45 GeV, 140 GeV < v < 150 GeV
Lower energy : 8 GeVx Q<12 GeV’, 32.5 GeV< v <37.5 GeV
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Need the collider energy of EIC
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Summary

 After almost 40 years, we have learned a lot of QCD dynamics,
but, only in its most trivial asymptotic regime (less than 0.1 fm),
and very limited information on nucleon/nuclear structure

d Many aspects of hadron’s partonic structure can be naturally
addressed by EIC, but, not other machines: e+e-, pp, pA, AA

 EIC with polarization provides a new program to explore new
frontier research of QCD dynamics - key to the visible matter

Rutherford exp’t SLAC “Rutherford” Future “Rutherford”
| | | >
1911 1969 20207
Nucleus Parton Many body non-linear dynamics
Atomic structure Collinear PDFs Confined partonic structure

See also talks by F. Yuan, A. Deshpande, and others on EIC



Thanks!



Three most important stage-| goals of EIC

 Extract the confined motion of quarks and gluons in a nucleon
with and without polarization, and in a nucleus

< Possible clue for color confinement, hadron — parton correlations, ...
< Ultimate solution of proton spin — hadron property in QCD
< Naturally measured at EIC, not easy, if not impossible, at other machines

1 Measure the confined spatial distribution of quarks and gluons
in a nucleon with and without polarization, and in a nucleus

< Complementary to the motion measurement
< Sum rule for proton spin — hadron property in QCD
< EIC has the “sufficient” kinematic reach for reliable imaging

(] Discover clear evidences of QCD’s many body non-linear
dynamics and the range of color coherence

< Saturation scale - consequence of QCD non-linear dynamics
< Range of color coherence - nuclear property in QCD
< EIC, like RHIC for heavy ion, can pioneer the search of non-linear

dynamics



Electroweak physics at EIC

d Mixing angle of weak interaction - high luminosity:

o>¢2—br—m—mm™m—m——"—""—7" 77" T T T 7T T T T T T T T T
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4 Parity-violating single longitudinal asymmetries:
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Flavor separation
of
helicity distributions
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Probes — taking “snap short” at EIC

D |nc|usive (1 hard Scale): Kinematics: /l e (k,, )

1-D momentum distributions
q(z,Q),G(z,Q)

A(](ZC, Q)a AG(CB, Q) = (p“);
Nulceus A

X ®P.D

d Semi-Inclusive (2 scales):

. . Ep — V¢h X "
3-D momentum confined motion [~

Q(xa kTa Q))g(xv kTa Q)7

Hadronization/fluctuation

d Exclusive (1 hard + 1 soft scale):
1+2D imaging - GPDs Kinematics: -
H(z,&t,Q), E(,&,t,Q)
H(z,§,t,Q), E(x,¢,t, Q)

Quark/gluon total angular momentum
to proton’s spin




